The industrial contamination of marine sediments with chromium, copper and nickel in Penang, Malaysia was addressed with bio-remediation, coupled with power generation, using in situ sediment microbial cells (SMFCs) under various conditions. The efficiency of aerated sediment microbial fuel cells (A-SMFCs) and non-aerated sediment microbial fuel cells (NA-SMFCs) was studied. The A-SMFCs generated a voltage of 580.5 mV between 50 and 60 days, while NA-SMFCs produced a voltage of 510 mV between 60 and 80 days. The cell design point for A-SMFCs was 2 kU, while for NA-SMFCs it was 200 U.
Introduction
Sediments are necessary constituents of marine environments. The quality of the marine bed and substances transferred between water and soil greatly affect the quality of water. Sediment surface layers consist of indicative quantities of pollutants like heavy metals and organic matter, probably impeding ecosystem integrity. 1, 2 The oxidized layer at the surface of sediments prohibits the dispersion of heavy metals into marine water. One of the critical pollution dilemmas emerging from industries like electroplating and electronics is the production of wastewater containing heavy metals, which pose a severe risk to humans, animals and the environment.
3 Therefore, it is compulsory to treat industrial wastewater containing heavy metals ahead of its discharge.
Several conventional techniques are used to remediate sediments, like the dredging of sediments (stabilization/ solidication technology), thermal treatment, bio-chemical stabilization, sediment washing (including chemical leaching/ washing, physical separation and bioleaching), in situ capping, natural attenuation (natural recovery), and waterway connement (in situ connement). These are effective but they encounter some considerable drawbacks, such as high energy requirements, excessive chemical utilization and the production of heavy waste sludge in high amounts. 4 Recently, microbial fuel cell (MFC) systems have been attracting attention as the most promising approach to treat industrial wastewater, including power generation. Sediment microbial fuel cells (SMFCs) or benthic microbial fuel cells (BMFCs) are a particular class of MFCs for electricity generation and sediment remediation, utilizing the electro-potential contrast between oxic and anoxic compartments of SMFCs. 5, 6 The general prototype SMFC consists of an anode enclosed in marine sediment and a cathode positioned in the surface water. Microbes break down the organic and inorganic compounds present in the sediment and release protons and electrons. Electrons are transferred from the anode to the cathode via an outer circuit and protons ow to the cathode terminal from the sediment and fuse with oxygen at the cathode to form water.
7, 8 Reimers et al. 9 applied for the rst time electrodes made up of platinum mesh to generate power from both estuarine and salt-marsh sediments. They used platinum mesh electrodes and so obtained a lower amount of energy and a low rate of sediment remediation. The marine sediments near Bayan Lepas, Penang, Malaysia are highly contaminated with chromium, copper and nickel. So, in the competitive global environment today, it has become necessary to clean the marine sediment contaminated by industrial wastewater to minimize aquatic pollution in the aquatic ecosystem, which directly affects human health. Thus, in this study, in situ SMFCs were used to remediate Penang marine sediments, coupled with power generation. The main difference in the SMFCs used in this study is that a bigger modeling size was used compared to previous SMFC studies, so optimizing the external parameters of these SMFCs will lead one step closer to SMFC scale-up. The optimization of SMFC parameters (pH and external resistance) was investigated through electricity generation and heavy metal reduction with and without cathode aeration, because oxygen is the main parameter that highly affects SMFC performance. 10 A comparative analysis of the electro-microbiology and biolm morphology of both types of SMFC was also conducted to understand the effects of the microbial community on the performance of SMFCs.
Experimental section

Sediment sampling
Sediment (0-20 cm depth) and marine water were sampled from the Bayan Lepas (Pulau Pinang, Malaysia) industrial zone. The sediment was collected using a Ponar-type sampler (86475 Gene Lassere BLVD, 2.4 L, USA). Sediment and water samples were put into clean polycarbonate bottles (Kimax Kimble, Fisher brand) and transported to the research laboratory.
Measurement of the physico-chemical parameters of sediment samples
The chemical and physical characteristics of the sediment samples are presented in Table 1 .
The pH was measured using a pH meter (HACH Sension3 Company, Loveland, Colo, USA) and temperature was measured using a liquid thermometer (GH, ZEAL LTD, London, England) at the time of sediment sampling.
Sand, silt and clay measurements. The percentages of sand, clay and silt were measured via a very common method. About 100 g of sediment was homogenized through a less than 2 mm sieve (ASTEAE-11, USA). A straight-sided glass bottle was lled to about 1/3 full with sieved sediments. Distilled water was added to ll about 3/4 of bottle, and the bottle was capped and shaken vigorously for 10 minutes to mix everything and make sure that no sediment was clinging to the bottom of the bottle. The bottle was placed on a desk, where it was undisturbed for several weeks. Aer 1-2 minutes, a rst reading was taken with a wax pencil marking the level of sediment in the bottle; this represented the sand. A second reading was noted aer 2 hours between 2 lines, which indicated the silt. Aer 2 weeks, a third reading was taken at the bottom of the bottle, which denoted the clay. The noted levels of sand, silt and clay were divided by the total level of sediment and multiplied by 100 to give the percentages of sand, silt and clay.
Carbon content measurement. For the measurement of carbon content, about 10 g of sediment sample was sieved and ground with a pestle. A crucible was used to dry this sediment sample at 60 C. A new crucible was weighed and denoted as m cruc . About 1 g of the dried sediment sample was placed in this crucible and weighed and denoted as m initial . This crucible was put into a furnace at 1000 C overnight for the destruction of the carbon content. Then the crucible was cooled and weighed and denoted as m nal . Then:
where m tc is the total carbon content. Water content measurement. An evaporating dish was washed, placed into a drying oven at 105 C for 30 minutes, cooled to room temperature in a desiccator and weighed (m a ). Then 0.5 g of sediment was put into the evaporating dish and again its weight was measured (m b ). This evaporating dish with sediment was placed into a drying oven at 105 C overnight. The evaporating dish was cooled again to room temperature in the closed desiccator and weighed (m c ). The following equation was used to calculate the water content:
where: W wc ¼ the water content in the sediment sample as a percentage; m a ¼ the mass of the empty evaporating dish; m b ¼ the mass of the evaporating dish with the sediment sample before drying in an oven; m c ¼ the mass of the evaporating dish with the sediment sample aer drying in an oven at 105 C; and f ¼ is a conversion factor, where f ¼ 100. Electrical conductivity (EC). The electrical conductivities of sediment samples were measured using an EC meter (ESEL, Ambala, India). The probes of the EC meter were rstly calibrated with standard solutions (with known conductivity). The sediment sample was put into an SMFC, then the probe tips of the EC meter were inserted into the sediment; aer waiting until the reading on the EC meter was stabilized, this reading was noted as the electrical conductivity.
SMFC design and operation
Three replicas of both A-SMFCs and NA-SMFCs were constructed using plexiglass. Fig. 1 . The lengths of the cathode and anode compartments were 9.6 cm and 8.0 cm, respectively. The gap between the anode and cathode was 8 cm. A commercially available air pump (JAD Aquarium, Electrical Product Co. Ltd.) was employed to supply air near the bottom of the cathode, 8 cm from the top water level in all aerated sediment microbial fuel cells (A-SMFCs), but air was not introduced into the non-aerated microbial fuel cells (NA-SMFCs). The NA-SMFCs were operated inside an anaerobic chamber and their lids were sealed with glass binding glue and paralm. A 3 g L À1 solution of glucose (10 mL) was added to the overlying marine water to overcome the loss of water through evaporation, and this was blended with a steel spatula to obtain a homogenized sediment mixture. The SMFC voltages were monitored using a digital wireless data acquisition system (FLIR systems, Extech Instruments, Model EX5422, Inc., USA) linked to a PC.
The following formulas were used. Ohm's law (R ¼ V/I) was used to calculate the current, where R is the external resistance (U) and V is the cell voltage (mV). Power was calculated using P ¼ VI. The optimum power density was recorded by altering the external resistance from 60 U to 2 kU, with 15 min intervals for voltage stabilization. The following formulas were used to measure the current density and power density, where (J) is the current density and (P) is the power density. The slope of the polarization curve was used to calculate the internal resistance of each SMFC.
Cyclic voltammetry
Current peaks occurred on the voltammograms if constituents were reduced or oxidized between potential sweeps of the biomass. Each constituent that could be reversibly reduced or oxidized had a peak on both the lower and upper curves. and anode, is calculated from CV (cyclic voltammetry) according to the equation as follows:
where Q c (C) and Q a (C) are sums of the cathodic and anodic volumetric charges in both SMFCs and DE (V) is the potential drop range during CV. A is the surface area of the anode (48 cm 2 ) and cathode (3 cm 2 ). D is the distance between the anode and cathode (8 cm).
Electrochemical impedance spectroscopy
Electrochemical impedance spectroscopy (EIS) was conducted by employing a Gamry Instruments Group Metrohm PGSTAT12 Autolab Eco Chemie. Two kinds of EIS data analysis were applied: a two-electrode conguration and a three-electrode conguration. EIS has been determined to measure resistances at the electrolyte/solution cathode and anode in SMFC systems. The accurate measurement of anode and cathode resistances for whole cell measurements was backed by singleelectrode analysis in a symmetric ECM. EIS with a three electrode conguration gave the measurements for SMFCs. Wholecell EIS measurements were carried out in a SMFC on days 30, 60, 90 and 120 to characterize the turnover in terms of electrochemical parameters as an outcome of biocatalyst enhancement. The frequency range was 100 kHz to 100 mHz for EIS analysis. To prevent biolm detachment and to minimize disruption to the steady state of the system, the perturbation AC amplitude was 1 mV. About 20 min was required, with the amplitude of every scan range (0.5-0.1 Hz), for the completion of each spectrum. All EIS analysis was performed in the operative mode of the SMFC, such as when the SMFC was connected to an external resistance.
Heavy metal remediation
About 250 g of sediments was incubated at 100 C for drying before the operation of the SMFCs. 12 Fine sediment powder was made using a mortar, and a sieve was used to lter it aer drying; then, to prevent moisture absorption, the sediment powder was placed into a desiccator. Teon tubes were lled with about 250 g of ne sediment powder, and also 2 mL of HNO 3 , 5 mL of H 2 SO 4 , and 1 mL of HF were added. Aer tight capping, the Teon tubes were spun in a microwave instrument (Anton Paar/a analytical, Multiwave 3000, USA) for 2 h. Whatman lter paper (Sartorius Stedim, Biotech) was used to lter the sediment samples in the plastic bottles and lastly they were topped up with HCl (75%) and stored at 4 C. Then an atomic absorption spectrophotometer (A3G graphite furnace atomic absorption spectrometer, USA) was used to detect the quanti-cation of possible heavy metals and they were analyzed with reference to Sediment Management Standards USA, 13 as presented in Table 3 . X-ray photoelectron spectroscopy (XPS) (Kratos Analytical, a Shimadzu group company, UK) was used to detect heavy metal speciation before and aer SMFC operation. Then, raw sediment samples were placed into A-SMFCs and NASMFCs for approximately 120 days. Every 20 days, about 500 mg of sediment sample was extracted and stored at 4 C. AAS was used to analyze the heavy metal concentrations in these stored sediment samples and eqn (6) was used to calculate the remediation efficiency (RE, %), 13 where the initial heavy metal concentration before SMFC operation was denoted as HM i and the heavy metal concentration aer SMFC operation was denoted as HM OP , with a range of external resistance from 60 U to 2 kU.
Effect of pH on heavy metal reduction and power generation
To show the effects of pH on heavy metal reduction and power generation, both A-SMFCs and NA-SMFCs were operated over pH ranges of 1.0-13.0. A-SMFCs and NA-SMFCs were operated at their optimal external resistances, 2 kU and 200 U, respectively. The voltage generation was noted at each pH point using a digital wireless data acquisition system (FLIR Systems, Extech Instruments, Model EX5422, Inc., USA) linked to a PC. Sediment samples were also collected at each pH point as the voltage reached a maximum. The heavy metal analysis was carried out via a sequential extraction method, as mentioned above.
Biolm morphology
Scanning electron microscope (SEM) analysis was performed. Biolm samples from treated anodes and cathodes were compared with untreated graphite samples (control). The samples were immersed in 0.1 mol L À1 cacodylate buffer (pH 7.4) and then also in glutaraldehyde (2.5% w/v). Then, the samples were dehydrated using increasing ethanol concentrations (30%, 50%, 70% and 100%). A critical-point drier was used to x dried samples. Then, a sputter-coated 40 nm gold layer was introduced. The coated samples were observed via SEM (Zeiss, model DSM-960, Germany), and digital images were taken.
Microbial characterization
Aer 120 days of incubation, the electrodes were dislodged from the surface water and sediments, and sterile freshwater was used to rinse the surfaces of the electrodes. The surfaces of the graphite electrodes were scratched strenuously to about 1 mm with a sterile razor blade, and the bacterial biomass was put into 10 mL of sterilized water and serially diluted 10 times. About 1 mL from each dilution was taken and spread on nutrient agar plates; bacterial colonies were picked based on the morphology and then these colonies were puried on nutrient agar plates. Each bacterial colony was grown into 50 mL of nutrient broth and this was used for DNA isolation. According to the manufacturer protocol, DNA was extracted via the commercial UltraClean Soil DNA Isolation Kit, Mo Bio (Carlsbad, CA, USA). The universal forward primer Eubac27F (5 0 -AGAGTTT-GATCCTGGCTC AG-3 0 ) and the reverse primer 1492R (5 0 -GGTTACCTTGTTAC GACTT-3 0 ) were applied to magnify the bacterial 16S rRNA via the PCR method. 14 A cloning kit (TOPO TA, Carlsbad, Invitrogen, USA) was used with the PCR products. Once the DNA sequences were determined, a similarity search in the NCBI Blast GenBank database was carried out.
Results & discussion
SMFC voltage output
The voltage generation from the SMFCs (replicates) over the experimental duration of 120 days is shown in Fig. 2 . Both the A-SMFC and NA-SMFC started to produce electricity on the rst operational day, A-SMFC and NA-SMFC generated 0.60 mV (0.0006 mA) and 0.38 mV (0.00038 mA) aer loading an external resistance of 1000 U. A maximum difference of only 0.00022 mA was noted in the beginning. In the A-SMFCs the voltage increased and reached a maximum value of 580.5 mV (0.580 mA) between 50 and 60 days, while for the NA-SMFCs, the voltage reached a maximum of 510 mV (0.51 mA) between 60 and 70 days. The maximum current difference was recorded as being about 0.07 mA at these voltage points.
Above a certain value, the current output was stable using an external resistance of 1000 U. Then, the current declined sharply aer day 70. Near these turning points, Cr(III) ions, Cu(I) ions and Ni(II) ions were still detected, which suggests that these heavy metals were nearly completely reduced at these turning marks.
The generation of higher voltages by A-SMFCs compared to NA-SMFCs could be ascribed to: (i) the presence of high amounts of dissolved oxygen at the cathode, with an improvement in cathodic potential rather than in cell voltage; (ii) mass transfer to the anode being limited, because large numbers of H + ions moved to the anode chamber from the cathode due to the absence of oxygen, which lowered the pH of the anode chamber and resulted in a lower concentration of electron donors; and (iii) the earlier adoptability of exoelectrogens to the environment in the A-SMFCs compared to the NA-SMFCs. 15 This was perhaps due to the consumption of all substrates in the SMFCs by exoelectrogens. Another reason for the high current production in the A-SMFC may be due to the presence of la-mentous bacteria detected in SEM analysis, because mostly lamentous bacteria have conductive pili, which are the dominant mechanism in exoelectrogens for electron transfer to the electrodes. Oxidation and reduction phenomena may also be involved in lowering the voltage output due to the production of basic and acidic by-products at both terminals during later operational days. 16 
Polarization and internal resistance
Polarization slopes were plotted to nd out the relationship between resistance and current during SMFC operation. Various external resistances from 60 U to 2 kU were used to carry out the polarization study, as shown in Fig. 3a and b . Current production was negatively correlated to the external resistance values. The same power production trend was observed by Abazarian et al.
17 for A-SMFCs; when the resistance was increased from 60 U to 2 kU, the voltage was reduced from 150 mV (2.5 mA) to 90 mV (0.0045 mA). Whereas, when the external resistance was reduced from 800 to 100 U the voltage speedily increased from 20 mV (0.025 mA) to 50 mV (0.5 mA). A maximum power density of 450.5 mW m À2 and current density of 0.75 mA m À2 were measured in the A-SMFC, at the cell-design point of 2 kU (external resistance), with 900 U internal resistance. At lower resistances, the potential stabilization was not quick, but the power generation trend was increasing. The voltage destabilization was very fast at lower resistances, and more stabilized at higher external resistances. The slow potential drop and stabilization at lower resistances may be due to effective electron discharge. At lower resistances, the electrons move more easily through the circuit, giving higher currents and power densities with low stabilization. A polarization curve was also plotted in the case of NA-SMFCs. A maximum power density of 3781.25 mW m À2 and current density of 2.752 mA m À2 were noted at an external resistance of 200 U. The internal resistance was 550 U. The NA-SMFCs showed less internal resistance than the A-SMFCs. It has been observed that aeration at the cathode is the main cause for the voltage stabilization at higher resistances. In the A-SMFCs, oxygen was available at the cathode, which helped to increase the cathode reaction rate, resulting in the stabilization of voltage at higher resistances than in NA-SMFCs. The low availability of oxygen at the cathode terminal results in low stabilization. The difference in internal resistance between A-SMFCs and NA-SMFCs may be due to the pH difference between the anode and cathode compartments. In the case of A-SMFCs, the pH of both chambers was negligible, but in the case of NA-SMFCs, the pH was important. The optimum pH in the NA-SMFCs was 3.0 because H + ions diffused from the cathode chamber to the anode chamber, lowering the pH. As the pH difference between both chambers increased, the internal resistance also decreased. The greater the pH difference between both chambers, the greater the power density destabilization. Relatively higher current output was measured during the 
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The variations in the anode, cathode and cell potentials were measured over the range of 60 U to 2 kU in both SMFCs, operating under all experimental conditions, as shown in Fig. 4c and d . The cathode potentials at 2 kU (A-SMFCs: 100 mV; and NA-SMFCs: À110 mV) show that the current produced during the running of the SMFCs was not only conned by the anode reaction. The anode potentials (at 2 kU: A-SMFCs: 196 mV; and NA-SMFCs: À160 mV) were signicantly decreased upon decreasing the resistance. The anode potential regulates the kinetics of electron transfer from microorganisms to the anode. The anode potential in both SMFCs decreased below 1 kU and 2 kU, suggesting effective electron discharge below these external resistances.
CV curves are shown for the 40 th , 80 th and 120 th days. Based on these curves, the capacitance values for the anode and cathode were measured, and are shown in 19 This additional anode capacitance is also due to the acclimatization of exoelectrogens. Hong et al. 20 reported that at external low resistances with a respective number of oxidative and reductive peaks, new electron transfer pathways, such as new oxidative and redox/enzymes and self-produced mediators, could emerge in SMFCs and increase the capacitance of the anode. This relatively higher anode capacitance led to the elimination of power overshoot over a short time. The higher anode capacitance compared to the cathode capacitance has the advantage of alleviating the power overshoot when the cathode capacitance was insufficient.
Electrochemical impedance spectroscopy
Equivalent circuit model tting. The ECM was applied in this study to determine the 3 series resistances: anode (R anode ); solution (R S ); and cathode (R cat ). It was observed that the SMFC impedance spectra model was reversible among the cathode and anode. 21 An estimation of the individual impedance of the anode and cathode was used to characterize the related impedance of these components. The analysis was carried out on mature 120 day-biolm to ensure that this model was correctly t to latter periods. Previous studies only focus on how impedance varies during the earlier stage of exoelectrogen growth. Fig. 5a and b shows the impedance spectra for the cathode, anode and whole cell. The rst junction on the x-axis of the Nyquist plot represents the electrolyte solution resistance (whole cell resistance). The electrolyte resistance was 21 U and 15 U in the A-SMFC and NA-SMFC, respectively. The projected points in the Nyquist model represent the anode resistances of the A-SMFC and NA-SMFC, which were 0.4 U and 0.2 U, respectively. The cathode resistances of the A-SMFC and NA-SMFC were 35 U and 15 U, respectively. This shows that the cathode and electrolyte impedances were higher than the anode impedance. This model can easily be applied to later SMFC operation to reproduce the results.
The effect of enrichment on the impedance of a SMFC. The Nyquist model was applied to the EIS spectra to determine the electrochemical impedances of both SMFC electrolytes. Fig. 6 shows impedances at operating loads through tting the experimental data to the Nyquist model. The total impedance values (electrolyte + cathode + anode) aer 40 days for the A- SMFC and NA-SMFC were 70 U and 33 U (external R: 200 U). These decreased to 49 U in the A-SMFC and 27 U in the NA-SMFC aer 120 days (external R: 100 U). The individual impedances of the anode, cathode and electrolyte solution dramatically changed, as shown in Fig. 7a ). The total impedance values at day 60 for the A-SMFC and NA-SMFC were 24.3 U and 14.6 U, respectively. These values decreased on day 120 to 18.5 U and 6.8 U. The anode impedance associated with R anode in both the A-SMFC and NA-SMFC decreased from 10.1 U to 4.5 U and from 6.1 U to 2.1 U from day 20 to day 120. The cathode impedance (R cathode ) was also decreased in both the A-SMFC and NA-SMFC from day 20 to day 120, from 9.1 to 10.7 U and from 5.2 to 2.1 U, respectively. The decrease in the anode and cathode impedances was most probably due to the enrichment of exoelectrogen biolm on the electrodes. The same impact of enrichment on electrode impedance was reported by Borole et al. 22 
Sediment heavy metal remediation
Previous studies have found that the aerobic remediation of certain contaminants (organic and inorganic pollutants) could be improved by supplying a solid-state anode (electron acceptor) to bacteria in a SMFC. However, these studies were only focused on in situ remediation using a two chamber MFC consisting of a permeable exchange membrane. This system is not suitable for open environment remediation due to the closed MFC. Both the A-SMFCs and NA-SMFC were run for 120 days. The heavy metal prole, such as for Cr(VI) and Cr(III) ions, Cu(II) and Cu(I) ions, and Ni(II) ions, was detected through XPS before SMFC operation, as shown in Fig. 8a-c. The A-SMFC and NA-SMFC were operated at their optimal external resistances: 2 kU and 200 U, respectively. The heavy metal remediation efficiency was compared with Sediment Management Standards USA, as shown in Table 3 . The A-SMFCs reduced a maximum amount of Cr(VI) ions to Cr(III) ions, about 80.70%, and Cu(II) ions to Cu(I) ions, about 72.72%, and had a maximum uptake of Ni(II) ions, about 80.37%, aer 60 days. The optimum detoxication efficiency using the NA-SMFCs was achieved aer 80 days, and was about 67.36% for Cr(VI) ions, 59.36% for Cu(II) ions, and 52.74% for Ni(II) ions. The detection of less toxic heavy metals ions like Cr(III) ions and Cu(I) ions aer SMFCs operation was achieved via reduction peaks in the cyclic voltammetry studies. Enzymatic redox reactions are normally part of microbial metabolism. Cr(VI) and Cu(II) ions can also be reduced at exoelectrogen surfaces via nonmetabolic pathways. Intracellular precipitation is also another mechanism to reduce these metals, but the rst one is the dominant reduction mechanism.
23 Cr(VI) and Cu(II) ions are reduced to the less toxic Cr(III) and Cu(I) ionic forms in the presence of electron donors like redox-active proteins. Cr(VI) and Cu(II) ions are biologically reduced aerobically (A-SMFCs) and anaerobically (NA-SMFCs), but aerobic reduction is dominant because the reduction rate is very slow under anaerobic conditions. The oxygen concentration boosts the rate of reduction. In NA-SMFCs, due to the absence of oxygen, more CO 2 is produced via anaerobic fermentation and more H + ions are moved to the anode chamber, raising its pH. So by raising the pH, genes that express the surface binding proteins for Cr and Cu are suppressed. In anaerobic bacteria (NA-SMFCs), the toxic effects of heavy metals are associated with a disruption in enzyme structure and function due to metals binding with thiol groups and other groups on protein molecules, or replacing naturally occurring metals in enzyme prosthetic groups. Some studies have proved that the presence of Cr, Cu and nickel in sediment mixtures also produced antagonistic and synergistic effects on anaerobic bacteria (NA-SMFCs).
24 Ni(II) ions are mostly absorbed inside cells by reducing c-type cytochromes at the surfaces of exoelectrogens and transferring the electrons to the electrodes. OmcT, OmcB, OmcS, OmcZ, OmcF, OmpB and OmpC are dominant c-type cytochromes present at the surfaces of exoelectrogens. 25 In anaerobic bacteria (NA-SMFCs), nickel stress activates bacterial intracellular detoxication genes, which are mostly located on plasmids. Intracellular defense systems also mediate chelation, bio-methylation and exocytosis in anaerobic bacteria for nickel absorption.
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These heavy metal remediation efficiencies fulll the standards for sediments determined by Sediment Management Standards USA. The remediation efficiencies were lower in the earlier days due to worse adjustment with the environment, and decreased in the last days of operation, very likely as a consequence of the consumption of substrates for microbial metabolism. In the last operational days, electrons were only produced in the cathode chamber and they were transferred to the anode chamber, which altered the pH of the anode chamber and nally lowered the remediation efficiency of the exoelectrogens. This decrease in pH might also be due to the fermentation of organic matter in the sediment. The heavy metal reduction rate decreased with time due to the specic growth patterns of bacteria. The bacteria entered into the death phase aer a specic time and then the number of dead bacteria was greater than the number of those alive, so the reduction rate of heavy metals decreased with time. Zhang et al. 27 detoxied copper at about 99.9% during a catholyte reaction, with a maximum power density of 7.2 W m À2 but they used synthetic copper solution, which may render a problem for microbes trying to combat the natural environment, due to the presence of other compounds. Wang et al. 28 reported that external resistances inuenced the reduction of Cr(IV), the formation of biolm on electrodes and power generation, and therefore the overall performance of SMFCs.
27 Previous research also reported that environmental factors like pH, as mentioned above, and external resistances strongly inuenced the biological remediation of contaminated sediments. 29 So to optimize SMFC performance, the inuence of these factors on bioremediation and power generation should be addressed in the future.
Effect of pH on the performance of SMFCs
The effects of pH on voltage generation and heavy metal reduction are shown in Fig. 9 . In the acidic pH range ( Fig. 9 The effects of pH on the performance of SMFCs: (a) A-SMFCs; and (b) NA-SMFCs.
the metabolic rate of exoelectrogens, resulting in the generation of high power. García-Muñoz et al. 31 also reported higher power generation trends at a neutral pH: about 505.5 mV. Yuan et al. 32 also reported higher exoelectrogen biolm activity at neutral pH. They noted that a larger number of bacteria attached to the anode at neutral pH, rather than at acidic or basic pH.
Biolm morphology
SEM images of the mixed cultures on the electrodes show the dispersed and dense cultures of exoelectrogens compared with untreated graphite, as shown in Fig. 10 .
The morphologies of the mixed cultures on the aerated anode and cathode took the form of lamentous shaped cells, while the non-aerated anode and cathode were loaded with rodshaped exoelectrogens. Many previous studies reported SEM images of electrode biolms. 33 However, very few studies have reported the presence of lamentous appendages in the biolms of electrodes. Many factors can be the cause of this contradiction. First, there may be a difference in the operating conditions of SMFCs, such as the presence of inorganic substrates, organic ingredients and microbial inoculum. Second, the high SEM resolution may detect the conducting wires in the metals being reduced and the power generating Shewanella and Geobacter species. 34 From this study we can formulate the hypotheses that these conducting appendages are not necessary for electron transfer to the electrodes, especially to the anode, because other mechanisms like electron redoxactive shuttles are also responsible for electron conduction, but these conducting pili affect the rate of electron transfer and the dominant mechanism in the exoelectrogens.
Electro-microbiology
The diversity of bacterial exoelectrogens in the A-SMFCs and NA-SMFCs, as shown in Table 4 , is an encouraging sign that SMFC technology may be fruitful for the remediation of a wide range of heavy metals and power generation. The anodes of both A-SMFCs and NA-SMFCs mostly consist of Proteobacteria strains. Sideroxydans lithotrophicus is an exoelectrogen and a metal reducing bacterium, as previously reported by Shi et al.
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Proteobacteria are mostly fermenting bacteria and are most suitable for electricity production and heavy metal remediation. 36 The cathodes of A-SMFCs and NA-SMFCs mostly contained Actinobacteria and Proteobacteria. It is necessary to note that not all exoelectrogen bacteria interact with electrodes as electron acceptors; they also interact with each other in interspecies electron transfer and enhance the performances of SMFCs. These bacteria help in disposing the inhibitory byproducts produced by fermentation. The more diversied microbes in SMFCs produce more power, due to the availability of redox mediators like c-cytochromes (omcZ omcB, omcS, omcT, omcE and omcZL). 37 Thioalkalivibrio sp. was also reported in this study and it is a suitable exoelectrogen and suitable for heavy metal detoxication due to its production of the cytochrome cbb 3 .
38
16S rRNA gene sequences are ideal to characterize multiple conserved metabolic functions. Bundles of clones with high similarity to bacteria are capable of heavy metal oxidation/ reduction. This represents a sign of the signicant preference for the oxidation/reduction of heavy metals by the diverse electrode bacterial community, and backs the hypothesis that the oxidation/reduction of heavy metals in SMFCs by the bacterial community is a default metabolic pathway.
Conclusions
The focus of this study is to compare the performances of ASMFCs and NA-SMFCs in terms of power generation and heavy metal remediation. The other aim is to optimize parameters such as external and internal resistance, capacitance, electrochemical impedance and construction design to enhance the performances of both A-SMFC and NA-SMFCs. The results indicate that the identied bacteria could transfer electrons to the electrodes to promote power generation and the oxidation/ reduction of heavy metals. Furthermore, the amount of electricity produced by the SMFCs could be used efficiently to power minute monitoring devices in addition to enhancing the remediation of contaminant sediments. However, insufficient clues are present to conrm the exact mechanisms of the oxidation/reduction of heavy metals. Further studies into the electrotrophs (microbes that accept electrons from the electrodes) will be more useful to understand the exact mechanisms of the oxidation/reduction of heavy metals.
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